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I.  INTRODUCTION 


The  feasibility  oi  coherent  arrays  of  high-performance  multi¬ 
element  heterodyne  receivers  using  4.  2  K  Ge:Cu  photoeondvctors  and  CCL 

Li 

lasers  has  been  demonstrated  by  AIL  on  two  previous  ARPA/ONR  programs 
(contracts  N00014-68-C-0273  and  N00014-70-C-0407).  The  objective  of  ihe 
present  program  was  to  further  extend  the  technology  required  to  build 
large,  high-speed,  heterodyne,  matrix  array  receivers  using  77  K  photo¬ 
diodes  for  10.6-//m  laser  radiation. 

The  contract  called  for  the  following: 

•  Examine  high-density  cabling  techniques  and  test  a 
breadboard  for  thermal  and  electrical  characteristics 

•  Perform  a  thermal  analysis  for  matrix  arrays  de¬ 
signed  for  77  and  4.  2  K,  and  150  and  1500  MHz  oper¬ 
ation  with  10  x  10  elements  to  determine  the  cooler 
requirements.  Testing  a  thermal  mockup  of  the 

77  K,  1500-MHz,  10  x  10  array 

•  Initiate  a  design  for  a  10  x  10  element  array  assuming 
77  K,  1500-MHz  photodiodes.  Parametric  tradeoffs 
would  be  performed  to  determine  size,  weight,  opti¬ 
cal  requirements,  and  thermal  requirements 

•  Mount  and  test,  in  a  subassembly  matrix,  four 
150-MHz  HgCdTe  photodiodes 

•  Investigate  image  plane  dissection  techniques  appro¬ 
priate  for  matrix  arrays  of  100  elements  or  larger 
toward  the  goal  of  batch  processing  the  image  dis¬ 
sector 

In  the  earlier  work,  copper-doped  germanium  photomixers 
were  mounted  in  a  two-dimensional  array  structure  and  cooled  to  4.2  K. 

To  achieve  nearly  quantum  noise  limited  sensitivity  in  the  photomixers, 

200  mW  of  local  oscillator  (LO)  and  dc  bias  power  were  required  (Sec¬ 
tion  VI).  This  represents  an  internal  heat  load  of  20  W  for  a  10  x  10  array 
of  photomixers.  In  addition,  the  heat  leak  of  100  coaxial  cables  that  con¬ 
nect  the  cooled  photomixer  to  the  room-temperature  preamplifiers  adds 


another  3  W.  This;  heat  load  of  23  W  near  4.  2  K  represents  a  very  signifi¬ 
cant  cooling  requirement  with  resultant  high  cost,  size,  weight,  and  cooler 
sophistication. 

The  recent  development  of  PV-HgCdTe  photomixers  at  77  K 
with  high-frequency  response  and  much  lower  LO  power  requirements 
makes  the  adaption  of  the  array  technique  for  use  with  these  photomixers 
advantageous.  The  reduced  cooling  requirement  of  about  2  mW  per  photo¬ 
mixer  or  200  mW  for  a  10  x  10  array  makes  the  interconnecting  coaxial 
cabling  heat  load  of  approximately  2  W  the  limiting  requirement.  This 
load  of  2.  2  W  near  77  K  does  not  present  a  problem  since  small  aircraft- 
type  coolers  are  available  in  the  80  K  range  with  cooling  capacities  of  up 
to  5  W. 


This  report  covers  the  adaption  of  the  heterodyne  array  prin¬ 
ciple  to  77  K  photomixers  and  discusses  the  following  areas  pertinent  to 
the  use  of  PV-HgCdTe  photomixers: 

•  Uniformity  of  response  of  a  five-element  array  of 
PV-HgCdTe  photomixers  with  equal  LO  power, 
tested  on  a  subassembly  of  the  1500  MHz,  77  K 
array  design 

•  Thermal  analysis  of  the  array  mount  for  150  and 
1500  MHz  response  photomixers 

•  Telescope  design  to  match  the  optical  requirements 
of  the  10  x  10  PV-HgCdTe  array 

In  addition  to  this,  other  techniques  involved  in  the  array  design 
were  further  investigated  and  include: 

•  High-density  cabling  techniques  aimed  at  low  elec¬ 
trical  crosstalk  between  elements,  low  thermal 
conductivity,  and  low  electrical  loss 

•  Image  plane  dissection  techniques  aimed  at  batch 
processing  the  microlenses  for  use  with  an  array 
of  100  elements  or  larger 

•  Thermal  analysis  of  4. 2  K  arrays  with  either  a 
150  or  1500  MHz  frequency  response 


2 


II.  EVALUATION  OF  PV-HgCdTe  PHOTOMIXERS 
AS  ARRAY  ELEMENTS 


*  u  To  perl  or  m  effectively,  the  elements  in  an  array  of  detectors 
™st  have  fairly  well-matched  characteristics.  However,  the  imposition 
of  tight  uniformity  specifications  on  detectors  can  decrease  the  manufac- 
urer  s  yield  to  the  point  of  making  their  cost  prohibitively  large.  For  this 
program,  it  was  decided  for  economic  reasons  to  approach  this  problem  by 
setting  only  one  extreme  value  for  each  key  parameter  and  after  testing 

make  adjustments  m  the  operating  point  of  the  photomixer  to  achieve  nearly 
matched  performance.  J 


To  test  this  approach,  a  subassembly  of  five  HgCdTe  photo- 
diodes  was  constructed.  These  detectors  were  purchased  without  any 
uniformity  specification,  only  the  following  characteristics  were  specified: 

•  Minimum  quantum  efficiency 

•  Minimum  cutoff  frequency 

•  Minimum  reverse  to  forward  resistance  ratio 

•  Square  photodiode  geometry  with  maximum  side 

dimensions  specified 


These  photomixers  were  then  measured  extensively  in  the  laboratory  to 
determine  their  frequency  response,  heterodyne  NEP,  quantum  efficiency, 
and  cutoff  frer,  3ncy.  Upon  completion  of  the  individual  detector  measure¬ 
ments,  the  photomixers  were  selectively  biased  and  IF  amplification 
chosen  to  match  the  mixing  responsivities  between  mixer  channels.  With 
equal  LO  power  applied,  the  responsivities  as  a  function  of  frequency  were 
measured  to  determine  how  well  the  photomixer  channels  could  be  matched 
in  an  array.  These  results  are  as  follows. 


A.  PHOTO  MIXER  CHARACTERISTICS 

The  five  PV-HgCdTe  detectors  were  tested  at  77  K  and  exhibited 
the  characteristics  shown  in  Table  1. 


TABLE  1.  PV-HgCdTe  DETECTOR  CHARACTERISTICS 


Mixer 


Area  cm2  M  X  ***««  *««  «.75  x  1(f*  T.,  xM-«  ». ,  „  *4 

Forward  16  7 

resistance  15  9-0  9.5 

(ohms) 

Reverse  5 00  at  200  at  . 

resistance  -0.400  V  -0  300  V  260  at  800  at 

(ohms)  hi..  O.300V  -0.400  V  -0.400  V  -0.500  V 


(ohms) 

Forward 
to  reverse 
resistance 
ratio 

D* 

cm  Hzlyyw 


|  bias 
0.032 


bias 

0.035 


bias 

0.01 


bias 

0.035 


bias 

0.012 


8.7  xlO9  6.1xl0S 


1.37  x  1010  1.3  XlO10  2.1  X  1010 


Xmax  (um)  11.9  12.05 


10.5 


10.2 


10.5 


The  detector  areas  and  front  to  reverse  resistance  ratios  were 

sensiUve^reT  9  *  <  “2  the 

were  extracted  from  these  ernves id » Veverse  sl°P<=  resistances 
verse  resistance  ratios  were  muchness  thS  0*  f  el\tha‘ the  front  to  re- 
are  of  a  high  quality  for  HgCdTe  detectors  ’  mdlcat“g  that  the  diodes 

H  l/2/w  hThe  °*  fOT  aU  the  deteCt0"s  was  greater  than  6. 1  x  109  cm 

iength^detectOT^wRh'Thei/peak^sensitivities^  ““s  "»  >ong  wave- 

12. 1  „m.  P  3  sens“ivities  occurring  between  10. 2  and 
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B.  PHOTOMIXER  FREQUENCY  RESPONSE 


Frequency  response  measurements  were  performed  on  the 
five  photomixers  using  an  indirect  noise  measurement  technique  (refer¬ 
ence  I)  in  which  the  ratio  of  the  thermal  noise  to  the  receiver  noise  (de¬ 
fined  as  the  sum  of  thermal  noise  and  shot  noise)  was  measured.  From 
the  measured  data,  the  ratio  of  shot  noise  to  thermal  noise  for  the  receiver 
was  calculated  and  is  given  in  Figure  2  for  the  five  photomixers.  The 
mixer  responsivity  directly  follows  the  shot  noise  to  thermal  noise  curves 
because  the  IF  signal  power  is  directly  proportional  to  the  mixer  shot 
roise  power.  From  Figure  2  it  can  be  seen  that  the  mixer  shot  noise  is 
approximately  constant  up  to  100  MHz  with  all  of  the  mixers  exhibiting  a 
6  dB/octave  rolloff,  characteristic  of  an  R-C  limited  photomixer.  Mixer  A 
is  the  one  exception  to  the  constant  shot  noise  below  100  MHz,  and  the  un¬ 
usual  behavior  of  mixer  A  can  be  attributed  to  an  excess  amount  of  1/f 
noise  which  can  be  seen  in  Figure  3  to  extend  to  about  70  MHz.  Since  the 
1/f  noise  is  greater  than  the  thermal  noise  of  the  amplifier  below  60  to 
70  MHz,  and  is  independent  of  LO  power,  it  will  lower  the  P  /P  ratio. 
This  ratio  decreases  for  increasing  1/f  noise.  s  *h 

This,  however,  does  not  mean  that  mixer  responsivity  is  de¬ 
creasing  from  20  to  60  MHz  and  must  be  disregarded  when  comparing  the 
relative  response  of  the  mixers  at  low  frequencies.  An  example  of  the 
typical  1/f  noise  behavior  of  acceptable  detectors  is  shown  in  Figure  4 
for  mixer  B  where  the  1/f  noise  falls  below  the  level  of  the  thermal  noise 
at  70  kHz.  This  drastic  difference  in  1/f  noise  performance  between  de¬ 
tectors  indicates  that  a  1/f  noise  performance  specification  should  be 
imposed  upon  the  detector  when  a  large  array  is  being  implemented. 

The  cutoff  frequencies  for  the  particular  bias  points  chosen  in 
Figure  2  fall  between  190  and  320  MHz  where  the  cutoff  frequency  is 
defined  by  the  intersection  of  the  6  dB/octave  rolloff  asymptote  curve 
and  the  constant  low  frequency  shot  noise  level.  These  cutoff  frequencies 
were  remeasured  for  several  bias  voltages  for  each  mixer  with  the  results 
shown  in  Figure  5.  Using  this  dependence  on  bias  voltage,  the  cutoff  fre¬ 
quencies  of  the  mixers  can  be  adjusted  to  be  equal  for  all  mixer  channels 
of  an  array.  This  is  a  powerful  tool  for  improving  the  uniformity  between 
mixer  channels  and  is  discussed  further  in  paragraph  D  of  this  section. 

C.  MIXER  SENSITIVITY 

The  heterodyne  mixer  noise  equivalent  power  (NEP)  was  mea¬ 
sured  directly  at  20  MHz  for  the  array  using  two  C02  lasers  in  a  heterodyne 

setup  with  a  fixed  frequency  offset  of  20  MHz.  Each  mixer  was  illuminated 
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FIGURE  2.  PHOTOMIXER  SHOT  TO  THERMAL  NOISE  VERSUS  FREQUENCY 
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FIGURE  3.  IF  NOISE  VERSUS  FREQUENCY  FOR  MIXER  A 
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FIGURE  4.  IF  NOISE  VERSUS  FREQUENCY  FOR  MIXER  B 
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FIGURE  5.  VARIATION  OF  CUTOFF  FREQUENCY  WITH  BIAS  VOLTAGE 


by  the  same  fixed  amount  of  LO  power  computed  from  a  fixed  LO  power 
density  at  the  image  plane  dissecting  lens  array.  The  LO  power  used  was 
approximately  0.  5  mW  per  mixer  element.  Figure  6  gives  the  measured 

-20 

NEP  values  of  the  five  detectors  which  range  from  8.3  x  10  to 
-19 

1.2  x  10  W/Hz.  These  values  were  obtained  under  the  conditions  indi¬ 
cated  in  Table  2  for  the  diode  current,  the  photo-induced  current,  the  shot 

to  thermal  noise,  and  the  normalized  sensitivity  NEP/P  .  .  The  IF  am- 

mm 

plifier  used  to  evaluate  the  photomixers  was  extremely  wideband >  with  a 

frequency  response  of  10  to  1500  MHz  and  a  noise  figure  of  approximately 

5  dB.  These  values  of  NEP  are  then  representative  of  a  high-frequency 

response  system  to  be  used  with  Doppler  offsets  encountered  with  space 

vehicles.  If  the  application  is  limited  to  aircraft  with  Doppler  frequencies 

below  150  MHz,  then  a  relatively  narrowband  amplifier  would  be  used  with 

a  noise  figure  of  about  2.  5  dB  and  mixer  NEP  would  more  closely  approach 

the  quantum  noise  limited  P  .  . 

mm 
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A 

B 

C 

D 

Vpth 

(dB) 

0.1 

-0.7 

1.4 

3.3 

NEP/Pmin 

1.96 

2.16 

1.71 

1.46 

^otal 

(mA) 

1.5 

2.2 

0.95 

3.05 

■o 

(mA) 

1.3 

1,0 

0.85 

2.0 

From  reference  2,  the  PV  mixer  design  equations  are  used  to 
determine  Fm^  (quantum  noise-limited  NEP)  and  the  quantum  efficiency. 

Equation  1  allows  determination  of  P  .  based  upon  measurements  of  the 

min 

NEP  and  the  shot  noise  to  thermal  noise  ratio. 


NEP 


=  P  . 
mm 


1  + 

i 


i 


(1) 


The  results  of  this  calculation  of  P  are  shown  in  Table  2  and  varv  from 
-20  -20  mm 

5.  5  x  10  to  7.9  x  10  W/Hz.  From  these  values  of  P  .  .  we  can 

mm’ 

then  determine  the  small  signal  heterodyne  quantum  efficiency  of  the  mixer 
from  equation  2. 


p  =  ^ 
min  77 

where 

h  =  Planck's  constant 

v  =  frequency 

77  =  quantum  efficiency 

The  results  of  this  calculation  are  shown  in  Table  3. 


(2) 


TABLE  3.  SMALL  SIGNAL  HETERODYNE  QUANTUM  EFFICIENCY 


Mixer 

A 

B 

C 

D 

E 


Quantum  Efficiency  (77) 
_ (Percent) _ 

30 
34 
32 

31 
24 
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With  the  NEP  at  20  MHz  established,  and  the  ratio  of  shot  to 
thermal  noise  from  20  to  1000  MHz  measured,  the  calculated  NEP  as  a 
function  of  frequency  based  upon  equation  1  can  be  plotted.  This  plot  is 
shown  in  Figure  7  and  it  can  be  seen  that  the  NEP1  s  of  all  five  mixers  are 

below  1.4  x  10  ^  W/Hz  up  to  an  IF  of  150  MHz  and  below  3.0  x  10  W/Hz 
up  to  500  MHz.  These  results  are  encouraging  since  the  amplifier  used  was 
not  optimized  for  the  low  frequency  range  of  10  to  150  MHz.  Based  upon 
these  results,  and  the  2.  5-dB  noise  figure  of  a  10  co  250  MHz  preamplifier 
system,  performance  can  be  predicted  for  the  optimized  case.  The  calcu¬ 
lated  results  are  shown  in  Figure  8.  From  these  curves  it  can  be  seen 
that  the  system  NEP  (that  is,  mixer/preamplifier  "iombination)  remains 

below  1.0  x  10  ^  W/Hz  over  the  desired  10  to  150  MHz  bandwidth  of  an 
aircraft  Doppler  tracking  or  imaging  system.  The  system,  when  used 

19 

beyond  this  frequency  range,  only  degrades  20  percent  to  1.2  x  10"  W/Hz 
at  250  MHz.  This  sensitivity  is  excellent  for  the  specifications  initially 
imposed  on  the  mixers,  and  it  is  anticipated  that  a  system  with  sensitivities 

-19 

of  approximately  10  W/Hz  could  be  built  using  the  higher  cutoff  fre¬ 
quency  photomixers  that  are  available  at  the  present  time. 


D.  UNIFORMITY  OF  MIXER  CHARACTERISTICS 

The  uniformity  of  response  for  five  channels  of  the  PV-HgCdTe 
photomixer  array  was  determined  from  measurements  of  the  mixer  respon- 
sivity  at  20  MHz  and  the  mixer  frequency  response  using  a  heterodyne 
measurement  setup.  The  frequency  response  has  already  been  described 
and  is  shown  plotted  in  Figure  2.  The  mixing  responsivity  was  measured 
at  20  MHz  with  an  equal  amount  of  LO  power,  0.  5  mW,  on  each  mixer  ele¬ 
ment,  together  with  a  high  signal-to-noise  ratio  (SNR)  between  67  and 
70  dB.  The  mixed  signal  and  noise  are  shown  in  Table  2. 

The  signal  incident  upon  each  mixer  element  was  a  plane  wave 
with  uniform  flux  density.  The  mixed  signal  response  was  therefore  cor¬ 
rected  for  differences  in  the  mixer  sensitive  areas  as  shown  in  Figure  9. 
The  highest  response  mixer,  E,  was  chosen  as  the  reference  channel  and 
additional  gain  at  IF  was  provided  to  the  other  channels  to  equalize  the 
mixer  channel  responsivities  before  further  processing.  The  additional 
gain  required  ranges  from  3.9  dB  for  mixer  B  to  0.3  dB  for  mixer  D. 

This  gain  was  also  applied  to  the  noise,  resulting  in  a  1.8-dB  variation 
between  channels.  If  the  system  using  these  detectors  included  a  threshold 
detector,  the  overall  sensitivity  would  be  degraded  by  the  varying  levels  of 
shot  noise  plus  thermal  noise  among  the  channels.  However,  this  tradeoff 
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FIGURE  7.  ARRAY  NEP  VERSUS  FREQUENCY  FOR  WIDEBAND 
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FIGURE  8.  PREDICTED  SYSTEM  NEP  FOR  A  10  TO  250  MHz  SYSTEM 


resulted  in  matching  the  mixer  channel  responsivities  as  closely  as  shown 
in  Figure  10,  which  data  are  derived  from  the  data  in  Figure  2  by  adjusting 
the  gain  per  channel  necessary  to  provide  equal  mixer  channel  responsivi¬ 
ties  at  20  MHz.  All  of  the  mixer  responsivities  follow  those  shown  in  Fig¬ 
ure  2,  with  the  exception  of  mixer  A  which  had  excessive  1/f  noise. 


From  these  curves  the  variation  in  response  between  channels 
is  seen  to  be  ±0.3  dB  from  10  to  150  MHz  for  the  best  four  mixers. 
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RELATIVE  NOISE  LEVEL  IN  dB  RELATI 


RELATIVE  MIXER  RESPONSE  IN  (d8) 


FIGURE  10.  UNIFORMITY  OF  RESPONSE  FOR  FIVE  PV-HeCdTe 
PHOTODETECTORS 


This  uniformity  of  response  between  channels  is  excellent  and 
can  be  attributed  to  several  factors: 

•  Mixer  responsivities  can  be  matched  using  varying 
IF  gain  between  channels 

•  PV~HgCdTe  is  an  R-C  1  imited  device  exhibiting  a 
characteristically  flat  low  frequency  response  with 
a  6-dB  octave  rolloff  beyond  the  cutoff  frequency 

•  The  mixer  cutoff  frequency  is  a  function  of  the 
mixer  bias  voltage  which  varies  the  junction 
capacitance 

•  i.u  •  i  i  only  limitation  to  more  closely  matching  the  mixer  channels 
1S  their  behavior  in  the  neighborhood  of  the  cutoff  frequency.  Some  mixers 
exhibit  a  sharp  rolloff  between  the  flat  and  6  dB/octave  region  such  as 

mixer  E,  while  others  such  as  mixer  D  exhibit  a  more  gradual  transition 
in  this  region. 
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E .  COOLING  REQUIREMENT  FOR  PV-HgCdTe  PHOTOMIXERS 

For  the  most  efficient  operation  of  PV-HgCdTe  photomixers 
they  must  be  cooled  to  about  100  K  as  seen  in  reference  2.  To  maintain 
the  mixers  at  this  temperature,  the  cooler  must  handle  the  power  absorbed 
from  both  the  infrared  LO  and  the  dc  bias  source.  The  LO  and  dc  bias 
power  requirements  are  deduced  from  the  measurements  in  the  preceding 
sections  for  1C  to  150  Mv,z  operation  and  from  the  mixer  design  equations 
presented  in  Appendix  A. 

1.  LASER  LO  POWER  REQUIREMENTS 


The  LO  power  level  is  set  by  the  bandwidth  requirements  of 
the  system.  From  Appendix  A  it  can  be  seen  that  between  0.  5  and  2.  0  mW 
per  mixer  element  are  required  for  near  quantum  noise- limited  perfor- 

mance  of  10  W/Hz.  Operation  at  10  to  150  MHz  requires  0.  5  mW,  and 
2.  0  mW  is  needed  for  the  full  10  to  1500  MHz  bandwidth.  The  data  pre¬ 
sented  in  paragraph  C  of  this  section  support  these  results  for  10  to 
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150  MHz  operation  where  NEP' s  of  10  W/Hz  were  obtained  for  a  LO 
power  of  0.  5  mW. 

2.  DC  BIAS  POWER  REQUIREMENTS 


The  dc  bias  power  dissipated  in  the  mixer  is  due  to  the  diode 
leakage  current  and  the  current  photo-induced  by  the  LO.  The  leakage 
current  of  present  high-speed  photodiodes  with  high  reverse  resistance 
may  be  10  to  20  percent  as  large  as  the  photo-induced  current  when  the 
diodes  are  biased  below  the  current  breakdown  region  and  LO  powers  on 
the  order  of  0.  5  to  2  mW  are  used.  For  a  first-order  calculation  of  the 
heat  load  imposed  by  a  HgCdTe  photodiode  on  a  cooler,  the  dc  bias  power 
can  be  neglected  since  its  major  component  comes  from  the  LO  power 
which  is  converted  to  electrons  in  the  photodiode. 

Therefore,  for  10  to  1500  MHz  heterodyne  operation,  the 
total  power  dissipation  will  be  2  mW  per  mixer  element  for  near  quantum 
noise-limited  operation  at  10.6  4m. 

F.  THERMAL  ANALYSIS  OF  PHOTOMIXER  ARRAY  MOUNTS 

1.  DETERMINATION  OF  THE  TEMPERATURE  RISE  OF  A 

PV-HgCdTe  MIXER  MOUNTED  IN  A  10  x  10  ARRAY 

The  temperature  of  the  detector  (Figure  11)  is  calculated  for 
the  steady  state  case  by  starting  with  the  thermal  resistances  between  the 
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FIGURE  11.  DETECTOR  MOUNT  FOR  77  K  PV-HgCdTe  PHOTOMIXER 


mixer  with  its  LO  and  dc  bias  power  loads  and  the  77  K  liquid  nitrogen  cold 
sink.  From  Fourier's  expression  for  heat  conduction,  the  thermal  re  sis  - 
ance  of  a  material  is  determined  by  the  distance  the  heat  must  travel  throug 
the  material  divided  by  the  cross-sectional  area  times  a  constant  for  the 
material  (thermal  conductivity).  The  thermal  resistances  for  the  various 
portions  of  the  heat  sink  are  0.  55  K/W  for  the  BeO  substrate,  1/3  K/W  or 
the  Cu  and  25  K/W  for  the  KMER  adhesive  between  the  mixer,  substrate, 
and  Cu  base.  The  temperature  difference  between  mixer  and  cold  sink  is 
obtained  from  equation  3: 


AT 


(3) 
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For  an  assumed  2  mW  of  input  heat  load  due  to  the  incident  laser  LO  and 
thermal  resistance  of  26.8  K/W,  a  AT  or  temperature  rise  of  0.054  K 
above  the  heat  sink  can  be  anticipated  for  the  fully  illuminated  PV-HgCriTe 
mixer  operating  at  77  K.  As  a  result  of  this  very  small  temperature  rise 
of  the  photomixer,  we  can  conclude  that  there  will  be  no  deterioration  of 
the  sensitivities  of  the  central  mixer  elements  of  a  77  K  PV-HgCdTe  photo- 
mizer  matrix  array. 


Ill,  IMAGING  ARRAY  AND  ASSOCIATED  OPTICS 


A.  TELESCOPE  DESIGN  FOR  77  K  PV-HgCdTe  PHOTQMIXER  ARRAY 

An  optical  system  has  been  conceived  which  permits  the  construc¬ 
tion  of  a  10  x  10  array  of  HgCdTe  photovoltaic  mixers  with  a  freauency  re¬ 
sponse  of  up  to  1.  5  GHz.  The  features  of  the  design  include: 

•  Ability  of  the  array  to  be  made  up  of  individually 
mounted  detector  elements  allowing  implementa¬ 
tion  of  the  array  concept  with  any  number  of  de¬ 
tectors  to  prove  feasibility,  optimum  choice  of 
the  array  elements  for  a  matched  or  more  uni¬ 
form  response  from  the  array,  and  allows  re¬ 
placement  of  damaged  elements 

•  Low  optical  and  electrical  crosstalk  between  chan¬ 
nels  due  to  the  relatively  large  spacing  between 
detectors  and  the  separate  coaxial  cable  outputs 

The  optical  approach  chosen  is  shown  in  Figure  12  and  is  an  exten¬ 
sion  of  that  which  was  developed  under  ONR  Contract  N00014-68-C-0273. 

The  optical  system  is  basically  the  same  because  an  image  is  subdivided  by 
an  array  of  square  lenses  directing  all  the  optical  energy  from  one  cell  in 
the  focal  plane  to  the  appropriate  infrared  mixer  element.  However,  the 
HgCdTe  photovoltaic  detectors  require  a  relatively  large  spacing  between 

detectors  to  provide  for  mounting  and  cabling,  and  to  ensure  low  electrical 
and  optical  crosstalk. 

Because  of  this  large  spacing  requirement,  a  matching  lens  was 
added  to  match  the  diffraction- limited  spot  in  the  primary  focal  plane  of  the 
telescope  to  a  square  image-dissection  lens  in  the  secondary  focal  plane. 

This  matching  lens  effectively  increases  the  t  number  of  the  primary  receiv¬ 
ing  optics  to  provide  a  diffraction  limited  disc  that  matches  the  image-dissec¬ 
tion  array.  In  this  way,  mixer  center- to-center  spacings  of  7.  5  mm  (which 
would  otherwise  correspond  to  a  telescope  f/number  of  300)  can  be  achieved 
with  a  lower  f/number  requirement  on  the  receiving  optics. 

In  this  configuration,  the  LO  is  injected  into  the  system  between 
the  matching  lens  and  the  image- dissection  array.  At  the  plane  of  the 
image-dissection  array,  the  LO  and  signal  are  effectively  plane  waves  with 
matched  phase  fronts.  These  two  matched  fields  are  then  focused  onto  and 
mixed  in  the  detector  elements. 
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B. 


ARRAY  PATTERNS  FOR  TELESCOPE  WITH  77 

photomixer  array 


K  PV-HgCdTe 


previous  0,6  behavior  °f  the  °P«cal  design  presented  in  the 

previous  section,  it  was  necessary  to  mathematically  formulate  the  ontical 

detected  in  thTfn^,^111  ‘“V?™8.  °‘  ^  L°  ^  Si ^  tha‘  mix“ 

detected  m  the  focal  plane  of  the  image -dissection  array.  The  mathematical 

“T- was  ^ Programed  on  a  digital  computer  to  give  design  Sma 
tion  foi  optimizing  the  array  patterns.  The  optical  efficiencies  and  adiacent 
pattern  crossovers  were  obtained  in  this  way  emciencies  and  adjacent 


From  the  array  pattern  synthesis  found  in  Appendix  B,  we  get: 


I 

m 


=  C 


Sin  (u)  -tu 


(xx  +_yy). 


.*/ 


^2  (E*  +  yy)  *  dxdydxdy 


otanp  nffh.  the  IF,signal  output  from  a  mixer  element  located  in  the  focal 
plane  of  the  microlens  image-dissection  array.  This  integral  was  computed 

o  give  the  far-held  patterns  for  several  combinations  of  £o  and  signS 

fields.  Three-dimensional  plots  of  the  mixed  signal  output  over  the®  detector 

resmvu  7*™  als°  comPuted  £or  several  angles  of  arrival  of  the  signal  with 
respect  to  one  of  the  image-dissection  lenses. 


Figure  13  shows  the  value  of  Im  which  represents  the  product 

of  the  LO  and  signal  field,  evaluated  at  100  points  across  the  surface  of  the 

Mdthpe-erenti  rEaCh  °f  thG  100"unit  areas  was  treated  as  a  separate  mixer 
nd  the  integral  Im  was  evaluated  at  each  unit  element,  with  their  sum  rep¬ 


resenting  the  IF  signal  output  of  the  mixer. 


n  .  Thf  Parameters  initially  chosen  were  an  f/400  telescope,  a 
square  (1. 1  xl  1  cm)  image -dissection  lens  f/3. 8,  and  a  plane  wave  LO 
mcident  upon  the  image-dissection  lens.  The  f/400  telescope  approximatelv 
matches  trie  diffraction-limited  spot  from  the  telescope,  to  the  square  image- 
dissection  lens  rejecting  most  of  the  out-of-phase  side-lobe  energy  for  thf 
on-axis  case.  Figure  14  shows  both  the  signal  and  LO  fields  focused  on  the 
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FIGURE  14.  LO  AND  SIGNAL  FIELD  AT  DETECTOR  SURFACE 


-  -  .  ---- 


mixer.  It  can  be  seen  that  at  the  mixer,  the  signal  field  [J^xj/x]  approxi¬ 
mately  matches  the  size  of  the  detector  while  the  LO  field  (sin  x/x)  is  con¬ 
siderably  narrower.  This  difference  in  the  diameters  of  the  signal  and  LO 
spots  is  due  to  the  different  amplitude  distributions  across  the  image -dis¬ 
section  lenses.  With  the  signal  spot  centered  on  an  image-dissection  lens, 
there  is  little  or  no  energy  at  the  edges  of  the  lens  and  its  effect  at  the  detec¬ 
tor  is  to  produce  a  higher  effective  f/number.  Since  the  LO  gives  a  uniform 
intensity  distribution  across  the  image-dissection  lens  aperture,  and  the 
diffraction  limited  spot  size  depends  directly  on  f/number,  a  signal  spot 
larger  than  that  of  the  LO  is  obtained. 

This  combination  of  parameters  introduces  an  inefficiency  in 
that  the  phases  of  the  signal  and  LO  are  not  matched  across  the  surface  of 
the  mixer.  Over  the  area  of  the  LO  airy  disc,  the  signal  and  LO  are  both 
in  phase  and  contribute  to  the  IF  signal  output.  The  first  side  lobe  of  the 
LO  also  falls  upon  the  detector  surface  but  it  is  180  degrees  out  of  phase 
with  the  central  field  of  the  signal.  The  result  is  that  the  product  of  the  two 
fields  in  this  region  is  negative  and  subtracts  from  the  IF  signal  output  de¬ 
grading  overall  receiver  sensitivity.  This  degradation  can  be  reduced  by 
reducing  the  size  of  the  detector  or  increasing  the  image-dissection  lens 
f/number.  The  detector  can  then  be  matched  to  the  size  of  the  mixer  airy 
disc  rejecting  most  of  the  out-of-phase  mixer  signal. 

To  determine  the  crossover  levels  between  elements  of  the  array, 
the  signal  airy  disc  was  positioned  at  the  edge  of  the  image-dissection  lens 
with  half  of  the  airy  disc  energy  falling  on  a  single  image-dissection  lens. 
Figure  15  shows  the  mixed  signal  across  the  mixer  face  for  this  case  with 
the  same  f/numbers  and  plane  wave  LO  as  Figure  13.  If  the  detector  was 
reduced  in  size  to  more  effectively  match  the  on-axis  case,  it  would  reduce 
the  sensitivity  at  the  crossover  point.  The  reason  for  this  is  that  the  second 
ring  of  the  diffraction  pattern  beyond  the  airy  disc  will  no  longer  fall  upon 
the  mixer.  This  ring  is  in  phase  with  the  central  field  and  has  a  significant 
amplitude.  Therefore,  a  rejection  of  this  ring  loses  signal  power  causing 
a  loss  of  sensitivity. 

The  second  case  to  be  examined  has  the  same  signal  conditions 
tj  400,  f2  3.8,  and  image-dissection  lens  (1.1  y  1.1  cm),  but  the  local 

oscillator  field  across  the  image  lens  was  changed  as  follows.  An  amplitude 
taper  was  applied  to  the  LO  making  it  similar  to  the  Gaussian  shaped  signal 
field.  This  has  the  effect  of  matching  the  focused  fields  of  the  LO  and  signal 
over  the  mixer  surface  such  that  the  energy  in  the  airy  disc  and  the  side  lobes 
is  additive  to  the  IF  signal.  For  this  case  it  is  advantageous  to  collect  all  of 
the  IF  signal  energy  by  increasing  the  mixer  size.  Figures  16  and  17  show 
the  mixed  field  across  the  mixer  surface  for  the  on-axis  and  edge  case.  It 
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PLANE  HAVE  LO 
f  j/400 


SIGNAL  AIRY  DISK  HATCHED 
TO  IMAGE  DISSECTION  LENS  AND 
CENTERED  ON  EDGE 

DISSECTION  LENS  (1.1  x  1.1  cm) 
Y 


FIGURE  15.  MIXER  INTENSITY  AT  DETECTOR  SURFACE  FOR  PLANE 
WAVE  LO,  ^7400  AND  SIGNAL  CENTERED  ON  EDGE 
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tapered  lo 

f,  j  400 
f2/3.8 

SIGNAL  AIRY  DISK  MATCHED  — 7T\ 
TO  IMAGE  DISSECTION  LENS  Q  J 
AND  CENTERED  ON  EDGE 

DISSECTION  LENS  (1.1  x  1.1  cm) 


FIGURE  17.  MIXER  INTENSITY  AT  DETECTOR  SURFACE  FOR 

TAPERED  LO,  L/400  AND  SIGNAL  CENTERED  ON 
EDGE 
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can  be  seen  that  the  IF  signal  airy  disc  is  now  larger  and  better  matches 
the  detector  size. 

The  third  case  is  for  a  plane  wave  LO,  with  all  parameters  the 
same  as  the  first  case  except  for  a  larger  f/number  telescope  (f^/800). 

This  case  is  closer  to  that  of  a  coherent  heterodyne  monopulse  receiver 
where  the  signal  airy  disc  is  matched  in  size  to  a  2  x  2  square  array  of 
image-dissection  lenses.  This  case  has  higher  crossover  levels  and  it  is 
anticipated  that  this  will  not  be  an  effective  configuration  for  obtaining  the 
best  image  resolution  for  a  fixed  number  of  array  elements.  It  is,  however, 
another  instructive  case  which  shows  a  closer  match  of  the  LO  and  signal 
field  across  the  detector  with  little  out-of-phase  IF  contribution.  This  case 
has  been  measured  in  the  laboratory  and  data  are  shown  in  Figure  2-11  of 
reference  3.  This  data  agrees  very  closely  with  Figures  18,  19,  and  20, 
and  also  shows  very  clean  mixed  IF  patterns  in  the  focal  plane  of  an  image- 
dissection  lens  array  even  with  the  signal  airy  disc  centered  on  the  edge  of 
a  dissection  lens. 


The  far-field  patterns  for  the  three  cases  are  plotted  in  Fig¬ 
ure  21.  This  plot  shows  the  integrated  mixer  outputs  versus  a  normalized 
array  element  spacing.  The  crossovers  are: 


LO 

Telescope  f/number 

Edge  Crossover 
(dB) 

Corner  Crossover 
(dB) 

Plane  wave 

400 

-  4.3 

8.1 

Plane  wave 

800 

-  2.2 

-4.8 

Tapered 

400 

-10.7 

-- 

Since  the  mixer  center  to  center  spacing  of  11  mm  was  reduced  to  approxi¬ 
mately  8.0  mm  during  this  program,  we  can  reduce  the  telescope  f/number 
required  to  produce  the  crossovers  shown  above  with  the  resulting  crossovers 
for  the  system  described  as  follows: 

LO 

Telescope  f/number 

Edge  Crossover 
(dB) 

Corner  Crossover 
(dB) 

Plane  wave 

300 

-  4.3 

-8.1 

Tapered 

300 

-10.7 

-- 

From  this  correspondence  between  the  telescope  f/number  and  the  crossover 
level,  the  optimum  optical  system  can  be  obtained  for  use  with  a  given  array 
element  spacing.  This  optimum  crossover  level,  however,  must  still  be 
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V3-8  v  i _ 

SIGNAL  AIRY  DISK  \ _. 

CENTERED  ON  IMAGE  DISSECTION  LENS 

DISSECTION  LENS  (1.1  x  1.1  cm) 


MIXED 

INTENSITY 

(IF) 


detector  surface 


FIGURE  18.  MIXER  INTENSITY  AT  DETECTOR  SURFACE  FOR 
PLANE  WAVE  LO,  L/800  AND  SIGNAL  CENTERED 


tapered  lo 

f!  /400 
f,/3.8 


SIGNAL  AIRY  DISK 
MATCHED  TO  IMAGE 
DISSECTION  LENS  AND 
CENTERED  ON  EDGE 


DISSECTION  LENS  (1.1  x  1.1  Cm) 

/Y 


MIXED 

INTENSITY 

(IF) 


DETECTOR  SURFACE 


FIGURE  19.  MIXER  INTENSITY  AT  DETECTOR  SURFACE  FOR 
PLANE  WAVE  LO,  fj/800  AND  SIGNAL  CENTERED 


PLANE  WAVE  LO 
f^/800 

V3-8 


SIGNAL  AIRY  DISK 
CENTERED  ON  EDGE 


DISSECTION  LENS  (1.1  x  1.1 
Y 


FIGURE  20. 


MIXED  INTENSITY  AT  DETECTOR  SURFACE  FOR 
PLANE  WAVE  LO,  fj/800  AND  SIGNAL  CENTERED 
ON  EDGE  CORNER 
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obtained  from  a  study  of  image  quality  for  a  finite  number  of  individual 
resolution  cells.  For  tho  purposes  of  proceeding  with  this  program,  this 
can  be  conducted  on  a  future  program,  since  the  only  change  needed  to  re¬ 
optimize  would  be  the  telescope  f/ number. 


IMAGE  PLANE  DISSECTION  TECHNIQUES 


Image  plane  dissection  techniques  were  investigated  toward  the 
goal  of  batch  processing  the  elements  for  arrays  of  100  elements  or  larger. 
Five  techniques  were  studied,  with  preliminary  fabrication  and  testing  being 
conducted  where  possible  within  the  scope  of  the  present  program.  The  five 
approaches  are: 


#  Fresnel  lens  array  prepared  by  a  cold  forming  technique 

#  Molding  of  GeSbSe  IR  transmitting  glass 

#  Fresnel  zone  plate  arrays 

#  Batch  processing  of  germanium  lenses 

.  Photolithographic  fabrication  of  thin-film  lens  arrays. 

1.  FRESNEL  LENS  ARRAY 

A  Fresnel  lens  was  constructed  for  use  at  10  4m  to  test  the 

feasibility  of  cold- forming  techniques.  Previous  technology  in  this  area 
has  been  confined  to  the  visible  and  near  infrared  due  to  a  lack  of  suitable 
materials  transmitting  in  the  infrared  at  10.6  4m.  A  material  (silver 
bromide)  has  been  identified  which  appears  likely  to  fit  the  needs  of  the  array 
transmission  at  10.6  4m.  The  material  has  the  ability  to  cold  flow  which 
is  necessary  for  the  fabrication  technique  employed,  however,  it  is  photo¬ 
sensitive,  changing  its  transmission  if  exposed  to  ultraviolet  light  for  ex¬ 
tended  periods  of  time.  This  does  not  present  a  restriction  to  the  array 
application  since  the  lenses  will  be  located  in  a  dewar  flask  behind  a  ger¬ 
manium  window.  The  Ge  does  not  pass  the  ultraviolet  so  that  no  deteriora¬ 
tion  of  the  lens  is  likely  to  result. 

Tests  were  performed  to  evaluate  the  lens  for  the  application 
of  image  dissecting  for  the  10  x  10  array  program.  This  lens  was  illum¬ 
inated  with  collimated  radiation  at  10.  6  4m  for  various  aperture  sizes.  The 
primary  focal  length  at  the  operational  wavelength  was  found  to  be  3/8  inch. 
The  intensity  distribution  at  the  focal  plane  (Figure  22)  was  obtained  by 
scanning  an  0.008  inch,  square  detector  across  the  plane.  It  can  be  observed 
from  the  figure  that  as  the  f /number  increases  (aperture  diameter  decreases), 
the  spot  size  decreases.  This  occurrence  indicates  operation  far  removed 
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from  the  diffraction  limit  performance  reauirpd  t|1Q  f/i  R 

Fresnel  lens  in  front  of  it  was  measured  to  be  =  199.  n  the  ideal  ease 
this  ratio  of  energy  collected  for  the  two  optical  schemes  is  the  ratio  of  «,» 

of  766  mlrrPt“E  the  °°llimated  beam‘  ™»  oompuSs  to  an  opUcS  gam 
.  Taking  the  ratio  of  the  measured  value  and  dividing  bv  thp  idPTi 
case  value,  a  measure  of  the  efficiency  of  the  lens  is  obtatoe/ 

Efficiency  =-|||  =  0.26 

This  26  percent  efficiency  indicates  that  most  of  the  radiation  is  diffrartoH 

?  “““  mk* 

quire  a  m  this  area  to  raise  its  performance  to  acceptable  levels. 

2-  MOLDING  OF  INFRARED  GLASS 

The  molding  of  a  GeSbSe  glass  array  has  been  invpstip-atnd  nnH 

— bilit:  oTa  suitabfe0*67^’  ”  le"S  “ray  Was 

molding tiis  «aass  The  lo„UrCt  ,PsreSently  havinE  sufficient  experience  in 

contract  to  exnlnrP  77  i?P  f  -he  present  Pr°gram  is  such  that  a  sub¬ 
contract  to  explore  this  technique  is  not  called  for  at  this  time. 

The  material’s  transmission  is  65  percent  (1  to  11  um)  with 

TtoUyuZ°{  7  l0SSadr  t0  reflection  and  materil ab~n 

up  to  11  Mm  (reference  4).  Antireflection  coatings  are  available  Xch 

controlled  6  Set  by  the  maSter  mold  which  be  very  precisely 


3.  FRESNEL  ZONE  PLATE  ARRAYS 

00„. .  *.  ,  Fresnel  zone  Plate  arrays  can  also  be  used  for  the  imaae-dis- 

sction  technique  with  fabrication  techniques  well  within  the  state  of  thp  art 

entygy(7^erduehtnVe  7  djsadvfta^e  *  ^igh  optic"  ofthelignal 

7ones  it^fpu  th  t?h  , °l  the  energy  from  Ornate  out-of-phase 
zones.  It  is  felt  that  this  loss  cannot  be  tolerated  in  a  high  sensitivity  receiver. 
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4-  MTCH  PROCESSING  OF  Ge  LENSES 

The  batch  processing  of  individual  square  germanium  lenses 
can  be  accomplished  with  sufficient  tolerances  to  ensure  a  minimum  buildup 

diffi™»nS!0nI  t0l!^anCeS  aCr°SS  the  array’  However>  ‘he  area  of  potential 
difficulty  ill  using  this  approach  is  the  control  of  the  center-to-center  spac¬ 
ing  of  the  focused  spots  in  the  focal  plane.  Any  cocking  of  the  lens  or  shift 

off°the^  “>S/T  ‘l16  lens  center  wil1  shift  the  Position  of  the  focused  spot 
off  the  desired  optical  axes  of  the  array.  P 

5-  PHOTOLITHOGRAPHIC  FABRICATION  OF  LENSES 

Photolithographic  techniques  for  the  fabrication  of  a  thin  film 
tens  array  have  come  about  as  a  result  of  the  utilization  of  integrated  cir¬ 
cuit  technology.  The  lens  profile  is  approximated  by  an  N-step  phase 
quantization  with  the  layers  formed  by  successive  photoengravings  using 

a  fiTnScS  r!{^’«nce^  ‘  Experimental  results  by  d'Auria  and  others  show 
a  63  percent  diffraction  of  the  incident  energy  into  the  main  focus  of  the 

lens  for  a  four-level  lens  as  compared  with  the  theoretical  81  percent. 

This  resultant  63  percent  efficiency  is  judged  to  be  below  that  already  feasible 
usmg  several  of  the  techniques  described  previously. 

th-it  fhP  *US(id  yP°n  ?  data  available  t0  this  point,  we  must  conclude 
,t.he  .  la  !V®ly  low  efflciency  yielded  by  the  Fresnel  zone  plate  arrays 
and  the  photolithographic  thin-film  lenses  make  them  impractical  for  a  near¬ 
quantum  noise-limited  array. 
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HIGH'DEN^  ™  moebakb 

conducted  wherevei^ practfcal^on^tfr^Ure  ^P^ampUfiers^Tes^s^ 
was  done  for  a  ro  ^ dci:icai  to  check  the  anal vh„„i  rs‘  Tests  were 

cable  The  twin-,'01?  t,vin  lead  cable  and  a  fc  results-.  T<*  analysis 

inch  in  diameter  J3d  cablc  consisted  of  stainless  «t  s®miriS‘d  coaxial 

SiSliSSS«il; 

A. 


CONSDERATIONS 


given  in  Figure°23P^iSOI\0f  the  thermal  conduction  for  th 
Figure  23  sheet  1  for  in  *  ble  lengths  are  reouirpH  J  n  lead  can 

a& s»  s  s5» r  -« 

ks?£  ^  f>He~ 

SST5S  U5  ‘^al  »X°0f  r tT\ fr0m  77  -  *»°K  was 

agreeinglvit^he^alcuUted1  valued  28^5 

B.  - 


^^cTFICAL_CONSi£)ERATTnMg 


sszs f tcFr  iength  *»  given  in 

~ Une  is  --  -  -  Sc;e?A 
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PHOTOMIXER  TEMPERATURE  -  77  K 
AMBIENT  TEMPERATURE  «  300  K 


0.034“  DIAMETER 
COAXIAL  CABLE 


TWIN  LEAD 


'2  1 4  16 

CABLE  LENGTH  (CENTIMETERS) 


FIGURE  23.  CALCULATED  HEAT  LOAD  VERSUS  CABLE  LENGTH 

FOR  COAXIAL  AND  TWIN-LEAD  CABLES  (SHEET  1  OF  2) 


3-127 


CABLE  LENGTH  (CENTIMETERS) 


FIGURE  23.  CALCULATED  HEAT  LOAD  VERSUS  CABLE  LENGTH 

FOR  COAXIAL  AND  TWIN-LEAD  CABLES  (SHEET  2  OF  2) 


HOTOMIXER 


lower  electrical  loss  for  the  particular  transmission  lines  considered 

losrofnthe  50  h7?  K‘  Mfasafments  were  carried  out  on  the  electrical 
loss  of  the  50-ohm  coaxial  cable  and  the  measurement  results  are  comnared 
to  the  calculated  values  in  Table  4  compared 


TABLE  4. 


^oEi™RED  AND  calculated  ELECTRICAL  LOSS  OF  A 
12 -FOOT  LENGTH  OF  50-OHM  COAXIAL  CABLE* 


IF  Frequency 
(MHz) 

150 

1000 

1500 


Electrical  Loss 


Calculated  (77  to  300  K)  Measured  (300  K) 


(dB) 

(dB/ft) 

(dB) 

(dB/ft) 

4.86 

0.405 

6 

0.  5 

- 

- 

15 

1.25 

15.5 

1.29 

19 

1.  58 

7“r0  S0t031i°rter  “nductor  to*  f  diameter  of  0. 034  inch  and  a 
of  0I0O8  inch  ' 003  '  He  PPer  Wel  inner  conductor  has  a  diameter 


tween  300  ^d  77  K  m  Particular  transmission  lines  considered  be- 
*  f„.°  aad  nl  K-  Measurements  were  carried  out  on  the  electrical 
loss  of  the  50-ohm  coaxial  cable  and  the  measurement  results  are  compared 
to  the  calculated  values  in  Table  4.  compared 

1  5a  HR/a  ,A‘  “  IF,Are,l“ency  °f  1500  MHz,  the  measured  loss  was 

IF  of  15nMHTPihred  °  the  ?Culated  value  of  !-29  dB/ft.  Similarly  for  an 
IF  of  150  MHz,  the  measured  signal  attenuation  was  0.  5  dB/ft  and  the 

calculated  value  was  0.  40  dB/ft.  The  discrepancy  can,  in  part  be  attributed 

thpappafr°XiniatlF0n  madG  m  the  calculations  whereby  it  was  assumed  that 
®“ner  conductor  was  composed  entirely  of  copper.  In  actuality  part  of 
its  center  core  contained  a  layer  of  stainless  steel.  Since  the  resistivitv  of 
copper  is  lower  than  steel,  the  calculated  loss  will  be  accordingly  lower  In 

bpnpfu  nf  mefUre1d  !0ss  was  for  a  300  K  coaxial  cable  not  having  the” 
length!  °ne  C0°  6d  t0  77  K  WWCh  reduced  the  average  loss  per  unit 
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An  analysis  of  the  crosstalk  between  twin  leads  was  performed 
for  the  worst  case  condition  where  the  two  lengths  of  cross-coupling  cables 
were  a  quarter  wavelength  long  at  the  particular  IF  frequency.  The  resul¬ 
tant  crosstalk  for  cables  separated  by  twice  the  conductor  spacing  was 
-11.  5  dB  for  the  50 -ohm  twin  lead  cable  and  -13  dB  for  the  300-ohm  twin 
lead  line.  The  resultant  crosstalk  measured  for  the  300 -ohm  twin-lead 
cable  was  -15  dB  which  was  in  agreement  with  the  calculated  value  of 
-13  dB  for  cables  separated  by  the  same  spacing. 

For  the  case  of  a  liquid  nitrogen -cooled  photomixer  and  an  IF 
frequency  of  1500  MHz,  it  can  be  seen  that  the  50 -ohm  coaxial  line  has 
definite  advantages  over  a  twin  lead  line.  A  coaxial  cable  length  of  15  cm 
results  in  a  calculated  electrical  loss  of  only  0.63  dB,  compared  to  2.  4  dB 
for  a  twin-lead  line,  and  a  crosstalk  isolation  of  approximately  -100  dB, 
compared  to  about  -15  dB  for  a  twin-lead  line.  These  advantages  more 
than  compensate  for  the  disadvantage  of  the  higher  heat  load  (19  mW)  of  the 
coaxial  line.  Based  on  these  considerations,  the  coaxial  cabling  has  been 
chosen  for  the  77  K,  1500  MHz  response  heterodyne  array. 

The  crosstalk  between  mixer  channels  was  then  measured  using 
the  coaxial  cable  and  the  mockup  of  the  array  structure.  At  1000  MHz  the 
corsstalk  was  -56  dB  and  at  1300  MHz  the  crosstalk  was  -42  dB.  These 
values  of  crosstalk  are  very  low  and  will  introduce  no  difficulty  when  the 
array  is  implemented. 


V.  INITIAL  DESIGN  OF  A  10  x  10  1.  5  GHz 
PV-HgCdTe  ARRAY 


A.  OPTICAL  REQUIREMENTS 
1.  TELESCOPE 

Located  in  the  focal  plane  of  the  receiving  telescope  is  a  micro¬ 
lens  array  composed  of  a  10  x  10  element  matrix  array  of  square  lenses 
with  the  dimensions  of  a  single  imaging  element  being  0.  8  x  0. 8  cm.  To 
obtain  the  highest  resolution  for  the  imaging  system  the  array  must  be 
used  in  conjunction  with  an  f/300  diffraction-limited  telescope  whose  diffrac¬ 
tion-limited  airy  disc  in  the  focal  plane  is  just  matched  to  a  single  micro¬ 
lens.  The  field  of  view  (FOV)  of  such  an  optical  system  is: 


a 

FOV 


(5) 


where 

@FOV  =  yiew  a  single  element  of  a  heterodyne 

array  and  is  defined  between  the  -4.  3  dB  cross¬ 
over  points  of  the  imaging  array  pattern  as  shown 
in  Figure  21 

X  =  10. 6  qm 

D  =  telescope  collecting  aperture  diameter 

This  relationship  is  shown  plotted  in  Figure  26.  As  shown,  the  telescope 
collecting  aperture  of  0.  26  m  is  required  for  100-^rad  single -element  FOV 
or  2.6  m  for  a  10-prad  single -element  FOV.  From  this  it  can  be  seen  that 
the  size  and  weight  of  the  imaging  system  are  very  heavily  dependent  upon 
the  resulution  requirements  that  are  imposed  upon  the  system  since  both 
the  large  aperture  diameter  and  high  f/number  must  be  provided  for. 

We  can  estimate  the  relative  distance  from  the  output  of  the 
optical  telescope  to  the  10  x  10  element  array,  assuming  a  collimating  type 
telescope  with  the  reduced  beam  size  at  the  output  of  the  telescope  matched 
to  the  dimensions  of  a  single  microlens.  The  minimum  distance  between 
the  telescope  and  the  array  is  the  Rayleigh  range  of  the  effective  telescope 


45 


FIELD  OF  VIEW  (yRAD) 


_  I  I  •  V 

DIFFRACTION  LIMITED  COLLECTING  APERTURE  DIAMETER  IN  METERS 

3-1106 


FIGURE  26.  SINGLE -ELEMENT  FOV  FOR  f/300  TELESCOPE 


MsEdV  T't’hSp ishobtained  from  reference  6  which  states  that  at 
tne  distance  D<y2x  the  phase  error  introduced  leads  to  neelieible 

as  that  a?  ZnfilueZ^  Then"  *  D2/^  iS  “  g°°d 

the  Rayleigh  distance  is  3  m  tm  a  °’8  cm  effective  output  aperture 

m  zza. 

2.  LASER  LQ 

in  Appendix  BteT^l  5M  mbT  dete™lned  t0  be  2  n>W/mixer  element 

-*:=SSS?r-r 

of  the  microlens  array.  This  size  hpnm  ,„iii  •  Cm  accePtance  area 
to  expand  the  laser  LO  beam  as  well  n  ^quire  a  collimating  telescope 
the  gaussian  amplitude  shaded “  a“  f pheric  lens  ^tem  to  convert 
without  affecting  the  uniform  phase  Imt*  °  *  Uml°rm  lntensity  distribution 

B*  array  AND  COOLER  PACKAGE 

..  The  array  package  is  shown  in  Fie-urp  97  ~  ,  „ 

liquid  nitrogen  dewar  in  which  is  mounted  the^mixer  10  x  lO  piT?  °f  a 
array  structure.  The  strurtnrp  .  L, mixer  10  x  10  element  mixer 

of  the  dewar  removed  On  thp  Q  ln  Figure  25  with  the  bottom  plate 

mounting  tases  s.mUar  to  the  n„e  f  St™ ^  are  mounted  100  Sector 

(0.  034  in.  OD)  can  be  seen  connectingetnhenpeHmeeter8of  tte  ^ 

structure.  These  rahip«  4  j-  •  j  ,,  P  imeter  ol  the  dewar  to  the  array 

to  a  particular  feedthrough  from  one "of  r°uted  throu^h  the  array  structure 
routing  as  shown  S  29  “hows  'f?'  mountinS  b^.  The 

The  individual  coSeVLd  the  itectoentTo  t^d  !  °‘the  array  Structure- 
are  fully  shielded  from  each  nthpr  i+°  the  detector  mounting  bases 

talk  measured  between  the  mixer  channels!"5  “  ^  Veiy  l0W  electrical  cross- 

package  and  the  simulated  User  LolieaU  Wd  h  assembled  array 
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5°w"  coobng  ijf  a  package  thesL'0 


3-1105 


FIGURE  27.  10  x  10  WIDEBAND  (10  TO  1500  MHz)  HETERODYNE 
IMAGING  ARRAY  PACKAGE 


VI.  4. 2-K  COOLER  REQUIREMENTS  FOR  A  100-ELEMENT 

GERMANIUM  ARRAY 


A.  LO  AND  DC  BIAS  POWER  REQUIREMENTS  FOR  NEAR-QUANTUM 
NOISE -LIMITED  OPERATION _ _ 

A  matrix  array  design  for  Ge:Cu  (Sb)  heterodyne  mixer  ele¬ 
ments  has  been  developed  under  a  previous  program,  N00014-68-C-0273, 
entitled  "Advanced  Capability  Infrared  Receiver  System."  This  program 
developed  a  high  frequency  array  structure  capable  of  employing  heterodyne 
mixer  elements  in  a  10  x  10  configuration.  This  design  was  implemented 
on  a  smaller  scale  in  a  subsequent  program,  N00014-70-C-0407,  where  a 
2x2  array  was  built  incorporating  a  microwave  integrated  circuit  imped¬ 
ance  matching  network  to  provide  the  optimum  high  frequency  performance. 
Based  upon  the  array  performance  measured  during  this  program,  we  can 
predict  with  reasonable  certainty  the  receiver  sensitivity  as  a  function  of 
the  dc  bias  and  local  oscillator  power  dissipated  in  the  mixer  element. 

Figure  30  shows  the  predicted  system  NEP's  at  150  and 
1500  MHz  for  a  single  channel  of  an  array  including  the  optics  losses, 
mixer  quantum  efficiency,  impedance  matching  network,  and  second  stage 
noise  contributions  due  to  the  preamplifier  and  associated  signal  process¬ 
ing  electronics.  The  individual  mixer  impedances  are  approximately 
1000  ohms  with  the  application  of  50  mW  of  10.6  pm  LO  power.  From  this  we 
can  see  that  a  total  of  200  mW  (150  mW  dc  bias  plus  50  mW  LO)  is  required 

.IQ 

per  array  element  in  order  to  obtain  a  sensitivity  of  2.  2  x  10  W/Hz  at 
an  IF  frequency  of  1500  MHz.  Significant  decreases  in  the  dissipated  power 
can  be  obtained  to  more  reasonably  meet  the  present  capabilities  of  coolers 
at  4.  2  K  providing  that  the  system  sensitivity  can  be  degraded  slightly.  As 
an  example,  the  thermal  requirements  can  be  reduced  to  100  mW  per  array 
element  if  the  total  system  is  capable  of  operating  with  its  overall  system 
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sensitivity  of  4.7  x  10  W/Hz  at  the  highest  IF  frequency  (1500  MHz). 

If  the  bandwidth  requirement  of  the  system  is  only  150  MHz, 
which  would  adequately  provide  for  a  signal  from  a  moving  aii  craft,  the 
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overall  system  sensitivities  can  be  improved  to  1.  55  and  2.7  x  10  W/Hz, 
for  total  (LO  and  dc)  bias  powers  of  200  and  100  mW,  respectively. 
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FIGURE  30.  PREDICTED  NEP  VERSUS  DC  BIAS  POWER  FOR  A  TYPI 
CAL  WIDEBAND  Ge:Cu  (Sb)  RECEIVER  AT  10.6 


A  system  which  was  designed  to  operate  over  a  150-MHz  band¬ 
width  could  be  expected  to  produce  system  NEP's  which  are  a  factor  of 
two  more  than  the  wideband  system  data  for  150  MHz  shown  in  Figure  30 
and  would  require  less  LO  power. 

Using  the  appropriate  approximations,  overall  system  sensi¬ 
tivities  of  1. 1  x  10  and  2.  2  x  10  *9  W/Hz  are  predicted  for  total  power 
dissipations  of  100  and  50  mW,  respectively.  These  results  are  summarized 
in  Table  5  which  gives  the  expected  sensitivity  per  channel  of  a  10  x  10 
array  with  the  LO  and  dc  bias  thermal  load. 

B.  DETERMINATION  OF  THE  TEMPERATURE  RISE  AT  THE  CENTER 
OF  10  x  10  GERMANIUM  PHOTOMIXER  ARRAY 


As  in  the  preceding  analysis,  the  temperature  differential  at  a 
point  can  be  determined  by  the  sum  of  the  thermal  resistance  between  the 
point  in  question  and  the  heat  sink  multiplied  by  the  heat  load  applied.  In 
the  case  of  the  10  x  10  element  mixer  array  surrounded  by  a  4.2  K  heat 
sink,  we  assume  a  temperatime  maximum  to  occur  at  the  center  of  the 
array.  In  setting  up  our  model  of  the  heat  flow  for  this  array,  the  follow¬ 
ing  assumption  is  made:  because  of  the  imperfect  interfaces  between  the 
rows  of  the  array,  the  primary  heat  flow  will  occur  along  the  horizontal 
direction  for  each  individual  layer  of  detectors.  A  single  row  of  the  de¬ 
tector  array  is  represented  by  the  thermal  resistances  in  Figure  31.  The 


TABLE  5.  PREDICTED  SYSTEM  PERFORMANCE  USING  A 
COPPER-DOPED  GERMANIUM  PHOTOMIXER 


System  Bandwidth 
(MHz) 

System  Sensitivity 
Per  Channel 
(W/Hz) 

4.2  K  Array 
Cooler  Requirements 
(W) 

1500 

-IQ 

2.2  x  10 
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FIGURE  31.  DETECTOR  MODULE  FOR  A  4.2rK  Ge  DOPED  PHOTOMIXER  ARRAY  OF 
100  ELEMENTS  (10  x  10  CONFIGURATION) 


heat  input  to  each  detector  is  represented  by  Q.  Because  of  symmetry 
with  respect  to  the  center  of  the  row,  only  half  the  row  need  be  consid¬ 
ered.  The  temperature  developed  at  the  most  interior  detector  is  calcu¬ 
lated  from  thermal  resistances  R&  =  0.37  K/W  and  =  1.3  K/W  with 

thermal  loads  (LO  and  dc  bias)  of  150  mW  per  detector.  The  sum  of  the 
temperature  differentials  from  point  1  to  point  8  (heat  sink  at  4.2  K)  re¬ 
sults  in  a  temperature  rise  of  6.8  K  at  this  interior  detector.  The  abso¬ 
lute  temperature  at  this  point  then  reaches  11  K  in  the  steady  state  case. 

The  temperature  rise  to  11  K  of  an  antimony -compensated 
germanium  photomixer  is  expected  to  degrade  the  frequency  i  t;sponse  but 
not  sensitivity  level  below  the  cutoff  frequency  of  the  mixer  element.  We 
can  estimate  this  degradation  in  frequency  response  and  sensitivity  degrada¬ 
tion  from  reference  7  which  shows  a  plot  of  response  time  (r)  as  a  function 
of  applied  electric  field  for  a  compensated  germanium  photomixer  at  5 
and  21  K.  The  response  time  degradation  over  the  16  K  temperature  in¬ 
terval  is  approximately  1.35  tc  v>  Approximating  the  temperature  depen- 

3  ^  0.  2 

dence,  we  calculate  a  behavior  of  t~T  '  so  that  the  response  time  degra¬ 
dation  will  be  on  the  order  of  1. 17  with  a  corresponding  15-percent 
lowering  of  the  cutoff  frequency. 

Reference  7  also  contains  a  plot  of  carrier  mobility  as  a  func¬ 
tion  of  temperature  for  a  partially  compensated  germanium  detector.  From 
5  to  11  K,  the  degradation  of  mobility  was  observed  to  be  approximately 
15  percent.  From  equations  6  and  7  for  mixer  conversion  gain  (G)  and 
NEP,  we  get: 


G  = 


T?q  UT _ 

/ 1  2  2v 

2hy2  (1  +  co  t  ) 


(6) 


2  hv  B 

NEP  = - — 

V 

v  ^ _ J 

quantum  noise 
term 


K  (T  +  Tt'  )  B 
m  IF 


degradation  from  quantum 
noise -limit  term 


(V 
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where 


u  =  carrier  mobility 
t  =  mixer  time  constant 


We  can  see  that 


enters  the  gain  expression  in  two  places.  The  first  is 

2  2v 


-  - —  XI 

the  frequency  response  which  affects  the  train  as  1/n  4.  2  2\  mu 
ond  is  the  (ut)  product  which  affprtc  ~  •  ui  t  ).  The  sec- 

From  at  a11  frequencies. 

affected  below  the  cut  Jt TreauencV the  gain  is  m" 

cent  =>nd  the  time  constant  increases  by  “15  wrcenfleavinfm  by~15  per' 
approximately  unchanged.  Y  ^  ent  leaving  the  pT  product 


VII.  CONCLUSIONS 


1. 


An  initial  design  for  a  10  x  10  element  matrix  array  has  been  de¬ 
veloped  assuming  1500-MHz  operation  and  the  use  of  77  K  photo¬ 
diodes.  r 


2. 


3. 

4. 

5. 


Thermal  analyses  of  the  PV-HgCdTe  and  the  Ge:Cu  (Sb)  array  struc¬ 
tures  determmed  that  the  thermal  loading  due  to  LO  and  dc  bias 
power  will  have  a  minimal  affect  on  the  photomixer  sensitivities. 

!SP,*S  offbettfr  thajl  *  ^~19  W/Hz  can  be  obtained  out 
to  300  MHz  for  five  loosely  specified  PV-HgCdTe  photomixers. 


Matched  mixer  channel  responsivities  have  been  obtained  using  the 
mixer  bias  level  and  amplifier  gain  balancing  parameters. 


There  is  Skater  than  30-dB  isolation  between  adjacent  mixer  chan¬ 
nels  up  to  1500  MHz  in  the  PV-HgCdTe  10  x  10  matrix  array  struc¬ 
tures. 


6.  Image  plane  dissection  techniques  were  investigated  with  batch 
processing  of  germanium  lenses  and  molding  of  GeSbSe  infrared 
glass  proving  the  most  feasible. 

7.  LO  powers  of  0.  5  to  2.  0  mW  are  required  for  near-quantum  noise- 
limited  operation  of  PV-HgCdTe  photomixers  from  10  to  150  MHz 
and  from  10  to  1500  MHz. 

8’  0. 034-inch  OD  semirigid  cable  is  a  good  choice  for  the  high  density 

cabling  needed  for  a  10  x  10  matrix  array  operating  from  10  to 
1500  MHz. 
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APPENDIX  A 


LASER  LO  POWER  REQUIREMENTS  FOR  PV-HgCdTe 


It  has  been  shown  (reference  8)  that  for  a  PV-HgCdTe  photo¬ 
mixer  operating  in  the  flat  portion  of  its  frequency  response  (f/f  «  1), 
quantum  noise-limited  heterodyne  operation  is  obtained  when:  c 


Ic» 


2k  (T 


m 


+ 


T  '  ) 

~1F 


G 


D 


q 


(i) 


or 


PLO  >> 


2k(Tm  +  T/F)  Gph, 

q"  i? 


(2) 


where 

IQ  =  dc  photocurrent  induced  by  the  laser  LO 

k  =  Boltzmann*  s  constant 

Tm  =  physical  temperature  of  the  photomixer 

TjF  =  effective  input  noise  temperature  of  the  IF  pre¬ 
amplifier 

=  small-signal  shunt  conductance  of  the  photomixer 
q  =  electronic  charge 
h  =  Planck's  constant 
v  -  infrared  frequency 
rj  =  photomixer  quantum  efficiency 

When  the  terms  on  the  left  and  right  side  of  equations  1  or  2 
are  equal,  the  thermal  noise  of  infrared  mixer  and  IF  amplifier  degrades 
the  receiver  sensitivity  by  3  dB. 
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Calculated  and  measured  data  on  10.6-|um  heterodyne  receivers 
at  AIL  (reference  8)  indicate  that  a  properly  designed  heterodyne  receiver 
can  exhibit  quantum  noise-limited  operation  for  approximately  1  to  2  mW 
of  incident  laser  LO  power  illuminating  the  PV-HgCdTe  photomixer.  Since 
photo- induced  shot-noise  must  overcome  the  thermal  noise  of  the  photo- 
mizer  and  IF  preamplifier,  it  is  important  to  select  a  preamplifier  which 
allows  maximum  transfer  of  shot  noise  so  that  the  ratio  of  shot  to  thermal 
noise  is  maximized. 

The  measured  receiver  NEP  as  a  function  of  incident  LO  power 
at  an  IF  of  30  MHz  is  shown  in  Figure  32  for  a  PV-HgCdTe  photomixer. 

In  order  to  achieve  quantum  noise -limited  operation,  it  was  necessary  to 
operate  with  approximately  1.  5  mW  of  LO  power  incident  upon  the  mixer. 
Photo- induced  shot -noise  exceeded  the  thermal  noise  for  these  values  of 
LO  power  ensuring  quantum  noise -limited  operation  and  optimum  receiver 
sensitivity. 

By  using  the  PV  mixer  design  equation  from  reference  8,  we 
can  obtain  curves  of  the  receiver  NEP  versus  LO  power  for  typical  values 
of  mixer  parameters  and  IF  frequency.  The  equation  for  NEP  is: 


NEP 


hvB 

V 


1  + 


2k  (Tm  +  TIF>  h* 
q2  ”  PLO 


GD(1+RsGD>+“  RsCD 


where 


T  —  V 

IF  r  IF 


PL0=  power 
B  =  IF  bandwidth 
R  =  series  resistance  of  diode 

S 

Cp  =  junction  shunt  capacitance 
to  =  IF 


=  noise  figure  of  IF  amplifier 
=  source  conductance 
=  IF  amplifier  noise  factor 
=  reference  temperature 
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are  77, 


The  terms  of  interest  for  obtaining  the  LO  power  requirements 

>  R  .  Pflfi  C  1C?  f  Kn  MAinn  « X*  i-l_  _  TT-|  . .  •  . 


NF,  Gd,  Rg,  and  CD<  Fyp,  is  the  noise  of  the  IF  preamplifier" 


"D-  IF 


which  must  be  mmimized  to  obtain  a  low  effective  input  noise  temperature 

widphpS  rpPllfier*  ,ThlS’  however>  is  Iimited  by  the  state  of  theart  of 
“if,  pr,ea“Pllflers  **  has  a  value  which  varies  with  the  instan¬ 
taneous  IF  bandwidth  requirements  of  a  particular  system.  We  can  assign 

f  S  H°r  figUre  °f  5‘  °  dB  f°r  a  150°-MHz  and  2.  5  dB  for 

a  150-MHz  bandwidth  IF  preamplifier.  The  remaining  parameters  are 

onstants  for  a  particular  PV-HgCdTe  photomixer.  From  reference  9 
we  can  obtain  the  typica?  values  of  these  parameters  for  high  cutoff  fre¬ 
quency  PV-HgCdTe  mixers  as  follows: 


r?  =25  percent 
Gp  =  10  ^  mho 
R  =  10  ohms 

o 

CD  =  8  pF 


,  Using  these  values  and  the  1500-MHz  amplifier  noise  figure  of 

tidB  CZ  predlCJ  NEP  of  the  wideband  mixer -preamplifier  combina- 
on  as  a  function  of  LO  power  and  IF  frequency.  There  are,  however 
severe  partially  compensating  errors  which  were  assumed  in  this  analysis. 
1  e  first  is  that  the  mixer  capacitance  is  assumed  to  be  a  constant.  This 
is  an  error  since,  as  the  detector  is  reverse-biased,  the  capacitance  de- 
reases  thereby  yielding  a  higher  cutoff  frequency  detector  with  better  NEP 
at  the  higher  frequencies.  The  second  assumption  is  the  case  of  high 
quantum  efficiency  detectors  which  assumes  that  the  detector  is  capable 
of  producing  as  much  photo -induced  current,  I  ,  as  is  predicted  by  the 
LO  power  and  equation  4,  0  J 


=  J1SL  p 

hv  "lO 


(4) 


There  is  a  saturation  effect  which  occurs  at  high  photo-induced  current  cor- 
respondmgto  a  decrease  of  quantum  efficiency  and  accordingly  degraded 
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figure  34.  NEP  VARIATION  WITH  LO  POWER  VERSUS  (R  .  G  ) 
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(watts/hz) 


that  they  varTgreauffrom  dl^b/^°?e?ling  With  these  two  factors  in 
partially  self-c^ensS  we  use  het T*'  tHowever’  since  th^  «™ 
approximation  to  the  actual  variation  t  6  aSoUmPtl0ns  to  obtain  a  close 
reasonable  range  of  mixer  parameters.  SyStem  NEP  with  L0  Power  for  a 

from  equation^showiig^the^E^varLtir1  0l,  parametric  curves  obtained 
various  combinations^  R  r  variatf a  with  local  oscillator  power  for 
inaiions  of  Rg,  gd,  v,  and  CD  evaluated  at  150  and  1500  MHz 

A  careful  examination  of  these  curves  will  indicate  that: 

For  mixers  operating  at  150-MHz  bandwidth  the 
primary  consideration  for  achieving  new  ’ 

£  -'AsSEi-ssrc'SE 
IS  iX “  "■ s  “nf—  » 

If  sensitivity  to  1500  MHz  is  required,  the  R 

Gd  product  must  be  less  than  10~2,  the  quantum 

efficiency  greater  than  25  percent,  the  diode 
apacitance  less  than  8  pF,  and  the  LO  power 
requirement  from  1  to  2  mW 

A  high  quality  diode  with  good  front  to  back  ratio 
s  <<:1)  wlL  Ilave  g°od  sensitivity  well  beyond 
its  cutoff  frequency  providing  <  10~2  be¬ 
cause  the  mixer  available  conversion  gain  G  is 
inversely  proportional  to  G 


r  ~  c  1 

v.Ti 

n 

cl 
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APPENDIX  B 


ARRAY  PATTERN  SYNTHESIS 


Referring  to  Figure  12  of  paragraph  A,  Section  III,  consider 
the  received  signal  that  is  focused  by  the  telescope  and  the  matching  lens. 
For  convenience,  we  shall  consider  this  lens  combination  as  a  single  unit 
with  the  focal  length  and  therefore  the  f/number  of  the  telescope  magnified 
by  the  ratio  of  the  two  focal  lengths,  such  that, 


f 


f,  =f 


telescope 


1  telescope  fmatching  lens  ) 


Then  from  reference  10,  the  electrical  field  distribution  of  the 
signal  in  the  plane  of  the  image -dissection  lens  array  is  given  as: 


I 

o 


A277a‘ 


(x  +x')2 


+  (y  +  y')2 


(x  +  x')2  +(y  +y  ')2 


1/2 


(1) 


The  terms  of  the  expression  are  defined  in  Figure  37  which 
shows  the  coordinate  system  used  for  the  array  pattern  synthesis.  This 
expression  describes  a  diffraction  field  of  the  form  J^(x)/x  in  two  dimen¬ 
sions  with  the  center  of  the  pattern  displaced  from  the  optical  axis  by  a 
distance  (x' ,  y  ').  This  represents  the  position  of  the  center  of  a  target 
that  has  moved  from  the  optical  axis  of  the  telescope. 
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FIGURE  37.  COORDINATE  FOR  HETERODYNE  RECEIVER  BEAM 
PATTERN  ANALYSIS 


The  diffraction  pattern  formed  in  the  focal  plane  of  the  image- 
dissection  array  due  to  the  diffraction  field  incident  upon  the  array  can  then 
be  found  from  reference  11  as: 


d  d 

Eps(X,  Y)=  J  J  Iotx,  y)  eik  (ax  +  dxdy  (2) 

-d  -d 


Substituting  for  I  in  equation  2  and  making  a  small  angle  approx¬ 
imation,  ° 


X  =  Ra  =f 

Y  =  R0=f28 


we  get: 

d  d 

Epg  (X,  Y)  =  27ra2  J  J 

-d  -d 

if  (Xx  +  Yy) 
x2 

•  e  dxdy 

where  the  integration  is  over  that  part  of  the  J^(x)/x  diffraction  pattern 
that  is  incident  upon  the  area  of  a  particular  image -dissection  lens. 


Ji[lf 


(x  +  x')2  +(y  +  y  ')2 


1  1/2' 
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(x  +  x 7  )2  (y  +  y  7)2 
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(3) 
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Consider  now  the  LO  similarly  focused  by  the  image-dissection 
lens  array  and  we  get: 


d 


I 

-d 


sin  mx  sin  my 
mx  ’  my 
V _ _ _ j 


*  (Xx  +  Yy) 
e  2  dxdy 


LO  field  distri¬ 
bution  over  the 
image -dissection 
lens 


(4) 


where  EpLq(X,  Y)  is  the  electric  field  of  the  LO  wave  in  the  focal  plane  of 

the  image  dissectors.  The  LO  was  chosen  to  be  a  uniform  plane  wave  so  s 
that  m  =  0  and  sin  mx/mx  •  sin  my/my  =  1.  Substituting  these  values  into 
equation  4,  we  get: 


E?LO(X’  Y)  = 


|^(Xx  +  Yy) 
e  2  dxdy 


(5) 


The  time  dependent  forms  of  the  signal  and  local  oscillator 
fields  can  now  be  written  as: 


_  -i  (cot  +  kf-)  _ 

Eps(X,  Y,  t)  =  C  e  Eps(X,  Y) 

and 

-i  co  t  _ 

EpL0  (X,  Y,  t)  -  B  e  0  EpL0  (X,  Y) 


(6) 


where  co  and  co  are  the  frequencies  of  the  signal  and  LO  waves,  respec¬ 
tively.  0 


The  fields  of  the  received  signal  and  the  LO  are  now  combined 
at  the  mixer  by  addition  (assuming  the  polarization  of  the  two  components 
are  aligned)  and  the  intensity  of  the  resultant  computed. 
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The  period  of  integration  (2T)  is  taken  very  long  compared  to  the  period  of 
the  infrared  frequency,  but  short  compared  to  the  period  of  the  frequency 
difference  introduced  by  the  two  cross  terms.  Therefore,  the  first  two 
terms  in  the  intergrand  result  in  dc  outputs  from  the  mixer  and  are  of  no 
interest  at  this  point.  The  two  cross  terms  result  in  the  intermediate  IF 
signal.  The  mixer  responds  to  the  integrated  intensity  of  the  real  part  of 
the  last  two  terms  over  its  surface  so  that  the  mixer  output  is  given  by: 

Im  *  c  '  Sin  (u  -  w0)  t  +kfj  JJ (Re)  Eps(X,  Y)  •  EpL0(X,  Y)  •  dXdY 


mixer 

area 


lm  =C  "  1  sin  ^  ~  u()  {  +  M1 


JlffY  (x  +  x')2  +  (y  +  y  ')2  -^(Xx+Yy) 


(v  4.  V  M2 


dxdy 


(x  +  x ')  +  (y  +  y ' ) 


In  equation  8,  the  argument  of  the  sine  term  is  made  up  of  two 
parts.  The  first  part  is  the  time  varying  component  that  produces  the  IF 
signal.  The  second  part  is  a  fixed  phase  that  can  be  dropped  with  no  loss 
of  generality. 
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